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S IIMARY 

Vall^ Forge Research Ceater is designing a high resolution narrow angle of 
view radar systee. It will eaploy an airborne synthetic aperture of 

600 aeters operating at X-hand to produce a beaawidth of approxiaately 0.05 
ar. This system differs fr<w a conventional SAR in that only a saaller nia»- 
ber of wavefront saaples, spaced randomly over the aperture are processed, 
and adaptive beaaforaing with open loop scanning is uscmI. As a result, the 
processing requirements are reduced to within the capability of present day 
small coaputer technology, and the tolerance on flight path stability is 
loosened by about 100:1. The system will be described and initial analysis 
and evaluation results will be presented. 

INTRODOCTKMi 

The system design to be described Is a product of the ongoing research pro- 
gram to study the application of the theory of large, random, adaptive arrays 
to the ii^>lenentatlon of high resolution airborne ground surveillance radars. 
This design cosines adaptive beaaforaing and synthetic aperture techniques 
to provide a 100-fold improvement in the resolution capability of a helicop- 
ter radar system. The assumed helicopter radar has a beamwidth of about 5 
mllliradians, the high resolution system will sharpen the beaawidth to 0.05 
alUiradlans. This increased resolution will be provided over only a limited 
field of view as this high resolution system is designed to be used in a man- 
ner analogous to a telephoto lens. The conventional radar will be used to 
identify a small region of interest, perhaps 5 mr in angular extent and a few 
hundred meters in depth; at the assumed range of about 60 km this target area 
would be about 300m on a side. The high resolution 0.05 mr array pattern 
will be scanned over this region providing a resolution cell 3 meters wide. 
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' The d^th of tbt roaoItttioD coll will bo doteninod by Che range gaco of che 
radar and ia aaauaad to bo about ISo. It la advantagaous to llait the angu- 
lar axtout of the area of high rosolutlon 1—glng (scanning) since this per- 
■ita auch greater uncertainty ic the position of the radar platfom without 
loss of resolution. Also, if pipeline processing is used, the aaount of data 
to be stored will be greatly reduced, since for the paraneters assuoed above 
there would be only about 100 resolution cells in the asiwuthal direction and 
about 20 range bins in d^th. 

High resolutimi inaging requires that the effective ^erture of the receiving 
antenna is very large; 0.05 nilliradian beasridth desands an aperture size of 
about 20,000 wavelengths. This corresp<Mids to a physical diaenslon of 600 
asters (about 2,000 ft) if the systea is operating at X-band (a wavelength of 
approxlaately 3 centiaeters) [1]. The systen uses a single helicopter which 
noves along a path to construct the large array sequentially. When the snail 
area to be iaaged has been selected, the helicopter will aaneuver so that its 
position is coincident with a line detemlned by a prepositioned cooperative 
comer reflector and the target region. The comer reflector will serve as 
an ainlng point for adaptive focusing of the array. 

The use of a comer reflector for adaptive beanforaing results in aajor dif- 
ferences between this adaptive synthetic aperture radar (ASAR) and a conven- 
tional SAR systea. Adaptive beanforaing will be accooq>lished by cophasing 
the comer reflector returns as aeasured at each of the sample points of the 
array lo plue the peak of the naln lobe of the array's receive pattern in 
the direction of the comer reflector. Adaptive beaaforaing thus pemits 
foraing a bean without knowledge of the positions of the sample points of 
the array. The aiaing point reflector aust be readily identified in spite of 
the noraal ground clutter; consequently, this "comer reflector" alght be ia- 
pleswnted as a high power transponder beacon or perhaps a coded retrodlrec- 
tive array offering a large tiae-bandwldth product. Once the helicopter has 
established its pos^*~ton along the line determined by the aiming point and 
the target region, iv will move horizontally in a direction perpendicular to 
this line, sampling the signal returns from the target region as it is il- 
luminated by the helicopter radar. The samples of che target wavefront will 
be collected at random intervals over the entire pachlength (600m at X-band). 
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Baadoa saapling p«nlts thinning the nmy to reduce the amount of date re- 
quired to iaage the target region. The collected target wavefront data will 
then be proceaaed to yield an iaage of the target region. Thia will be ac- 
coapliahed by firat organiaing the array through adaptive beaafonlng on the 
aiaing point comer reflector. Once the array pattern has been eatablished 
adaptivelyt phaae ahifta can be added to each of the wavefront aaaplea to 
ahift the focua of the array froa che comer reflector out to the target 
range. Then aequencea of phaae ahifta can be added to the wavefront aa^tlea 
to acan the array beaa over the target region. The laat two operationa re- 
quire an approxiaate knowledge of the locationa of the array aaaple pointa. 

It ia aaauaed that thia poaition deterainatlon will be aiq>plled by a aeparate 
Independent ayatea. It can be shown that the poaition data need not be pre- 
cise; only the relative poaitiona of the aaaple points are needed and accu- 
racy on the order of 1 aeter is adequate. An inertial navigation system can 
provide this precision with ease. 

BASIC SIGHAL PROCESSING CONCEPTS 

The adaptive synthetic aperture system uses the adaptive beamforming corner 
reflector to coiq>ensate for the notion induced effects of the helicopter. 
Figure 1 shows the geonetry idiich exists if a linear random array is focused 
on a near field target. If the target is illuminated from the ith element. 



FIGURE 1. RANDOM ARRAY GEOMETRY 
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tiM phasa of cIm target return at that eleauit relative to refer«ice eleeent 

o 

The eecond tare exhibits the quadratic phase variation required to focus the 
array on a near field target. 

Ihe storage and processing requireaents for digital computation in the case 
of the ASAR are much less than those of the conventional SAR. A primary 
source for this reduction is the use of random saapling to thin the array. 
Random saapling is used to eliminate grating sidelobes and the sampled array 
will be thinned to a high degree. The nuaiber of samples taken along the 600m 
fli^t path will be approxiaately 1»000; this number of saaq>les implies an 
average sidelobe level of ^proxiaately -30 dB [2]. Thus if the wavelength 
is assumed to be about 3 centimeters, then on the average, 8al^>les will be 
taken every 20 wavelengths, and the array is thinned below that of a filled 
array by a factor on the order of 40 to 1. At each sample point, three types 
of information will be stored, the phase of the transmitted pulse, the return 
froa the comer reflector and the values from the 20 target range bins. If 
quadrature coaponents are stored for 22 range bins for each of the 1,000 sam- 
ple points, a maxlBum of 44,000 words of memory would be required. This 
amount of storage would permit off-line processing: however, the memory re- 
quireaents can be reduced still further making real time processing practical 
for the ASAR. 

The required multiplication rate for the ASAR would be similar to that of the 
conventional SAR if it were necessary to complete the processing during a 
single interpulse period; however since the ASAR array is highly thinned, ad- 
ditional tiae is available for processing. For example, if a helicopter tra- 
verses a 600m path at 50 m/s while collecting 1000 saaq>les of the target 
wavefront, the average interval between samples would be about 12 millisec- 
onds. A fraction of this time might be required for sweep integration or 
other processing, but on the average an interval of about 10 ms is available 
for processing. If the processing is accomplished while the data are being 
collected, the data memory could be reduced to 2000 words, one for each reso- 
lution element in the target image (100 azimuth cells x 20 range bins). The 
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processing and mesioxy requlreaents for the sampled random array are quite 
compatlbie with modern small computer technology; the same can not be said 
for the SAR technique. 

Thus there are Important differences between the conventional SAR and tl.' 

ASAR. The conventional synthetic aperture approach uses the quadratic phase 
history arising from the doppler shift to compress the target signal In azi- 
muthal beaasfldth. The ASAR array described herein will compensate the sig- 
nal to remove the doppler offset so that the target and the array can be 
treated as stationary. Furthermore In the case of this randomly sampled ar- 
ray» the nui^er of samples Is kept small compared to a usual synthetic aper- 
ture array. The ASAR array will beamform adaptively on the signal return 
from a corner reflector. The use of this technique greatly increases the 
tolerance permitted on the ui ertainty In the position of the sanq>llng points. 
It will be shown later that the uncertainty in sample point position can be 
as much as 20X. The helicopter motion need not be regular, and the system 
can tolerate relatively large position errors. The characteristic Is in 
sharp contrast to an SAR approach where it is desired to hold phase errors to 
less than 1 radian and preferably less than 1/10 radian [3]. 


The number of corner reflectors required will depend upon how rapidly the 
high resolution image must be constructed. Figure 2 shows a typical airborne 
surveillance situation. The area of surveillance is assumed to extend over a 
sector 120* wide by 30 km in depth. N corner reflectors will be placed on 
the accessible side of the. surveillance area boundary. The conveutlonal low 
resolution helicopter radar will be used to identify a small target region to 
be scanned with the high resolution array pattern. The helicopter will then 
move from its initial point 0 to point A to place a convenient comer reflec- 
tor, reflector i, in the vertical plane defined by the helicopter and the 
center of the target region. If it is assumed that the N corner reflectors 
are evenly spaced and that the helicopter has a reasonable top speed of per- 
haps SO m/s, the number of reflectors required to limit the maximum time re- 


quired to move the helicopter to an Imaging point is readily computed since 
the greatest helicopter movement will be a distance equal to 1/2 the segment 


BC. The length of the arc segment BC at the maximum distance is 
Bc - 60 X IQ^m . 125km 
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Xhe time required for Che helicopter to move the maximum required 
the other side of the surveillance area boundary at 50 m/s Is 



1 

* 50m/a 


1.25 X 10^ 
N 


seconds 


distance on 


(3) 


Ihus if four corner reflectors are used, about 5 minutes would be required 
for Che initial positioning of Che helicopter in the worst case. It should 
be noted that knowledge of the exact position of the reflector is not re~ 
quired for beamforming. Thus the use of adaptive beamforming via a corner 
reflector need not be a large disadvantage if Che required rate of Imaging 
is low. 


The details of the system will be developed by considering Che simplest case 
where helicopter motion is Ignored and it is assumed chat both the corner re- 
flector and Che target are in Che far field of the array. The subsequent 
section will consider the corrections required to focus the array whrn the 
target region Is in Che near field of the array, and the effects of hell- 


VI-5-6 



copter motion^ 


FAR FIELD SYSTEM 

Figure 2 shows typical geometry. Initially it will be assumed that the heli- 
copter is stationary at each of the sample points; consequently no doppler 
correction will be required. It will also be assumed for the initial discus- 
sion that the comer reflector and the target region are both located in the 
far field of the array. (Both of these restrictions will be removed after 
the basic system description has been dev«. .oped. ) 

It is assumed that the helicopter will move from point to point along its 
flight path as indicated in Figure 3. At each of the sample points, for ex- 
ample, point i, the helicopter will transmit a nund>er of pulses that will il- 
luminate the corner reflector and then at a later time the target region. 


aiEMT 

WTH 



FIGURE 3. PHASE RELATIONSHIPS, FAR FIELD 

The first return of interest received by the radar set at point 1 will be a 
return from the comer reflector. Tills return will be phase detected against 
a local reference signal. The return from the corner reflector as mea- 

sured against a local stable reference is 


CRi 


®ol + 


pc 


®oi + 


26. 


(4) 
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liter* is tte pteM of tte tcsBndttad p«lss xslstiss to tte Iscsl r«f«r- 

■gri, 0^ is pte— sccwslstsd Iqr pcopaiat^ ttmumittmc to tte 

?c 

OMEMT coflsctor sodi rotnco, sad 26^ • 6^ aod 2«. Tte ptess dstcctloa pco- 

esss will sot M Masitiw* to iatsiKral wswslsagtlio* sad 6 wmj te rsplscod 
^ pc 

If ,1te ptess of tte rstura from tte comer rofXsctor csa bo orprossod ss 
tte SOS of tte ptess dslsj froa tte oloaoat to s plsasr wsvefroat froa tte 
fsr flsld rsfloctor. sad tte traasalttsd ptess 6^^ (sss Fisuts 3). 

At s sUcbtly Istsr tias dis sigasl rstura froa tte tsrtet rsgioo will te 
eoaps*^ sisiast tte ssas local ptess rsf srsocs. Tte phcss of this rstura is 
giwsa by (S) 

Mssswod pbsss froa tsrgst rogloa > ♦m- 

*ol + V * *« ' *ot * ”l * *c * "*• 

9^ ■ propagstioa pbsss for tte cartet sigasl 

1bl£ sqostloo is liailsr to (4) sxccpt that (5) also coatains a quaatlty 9^ 
which roprossats phase drift which alght occur ia the phase rsfsreacs against 
which iacoaiag signals are Measured during the tias between the reception of 
tte return froa tte comer reflector and the dstsction of tte return froa the 
target region. For the geoaetry shown in Figure 2» the difference in props*- 
gatioa tias between tte corner reflector and the target will result in a out- 
iaun delay of approxiaat«iy 200 aicroseconds . If we deaand that Che oscilla- 
tor stability ia the receiver systea be such that asxiraaa phase error is on 
tte order of 10*. Chen as indicated by (6) the stabili^ required of the re- 
ceiver LO (the aost critical of the phase deteraining conponents) will be on 

g 

the order of 1 part in 10 . 

M . CU/y}.-£y<-l<!/1202HgS£l . i.3g X lO*^ <6) 

^ 10^® Hr 

Assuaing X-band operation (f ■ 10^® Hz) 

This is a severe requireaent but not beyond the capability of present-day 
hardware. The stability required of the lower frequency portions of the sys- 
tea« for exaaple IF detection reference sources, will be substantially less 
due to the lower operating frequency. 

It is apparent froa (4) and (5) that if the error signal 6^ is saall, then 
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aar rtflaetar co fanit wfliiaiat tJM targat ratacaa at laaat la tha far 
fiali caaa. tt akaaU ba aota4 dwt da traaaaictar phaaa la ladapaaiaat 
ittm palaa to folaa* roaaanaaatly it voold aot ba yoaaibla to co ab iaa aoccas- 
aioa pbaaa rataraa fraa ^ tartat cagfoa for tha pary<wa of avoap latasra- 
tloa aalaaa a corractioa la aada for tbla flactaatloo. Ihia corractloa caa 
ba arrnapllahad by atorlag aad roayartng it agalnat dia coraer raflactor 
ratara. Ilboa rae a p tl oa of tha ratara froa tha ooraar raflactor* tha traaa- 
alttad pbaaa aiU ba aahtractad to abtala tha qaaatlqr 20^. lha aaaa corrac- 
tloa aoali ba parforaad oa tha tarsat ratara i^aaa aaaaaraaaat* thoa tha 
traaaalttad pbaaa aarlatloa la raanoail aad aocccaalaa rataraa froa tha cargat 
ragtaa caa ba addad for aaaop li^attatloa aad tha radoctloa of oolaa coa|>0" 


la aaaMry* cbraa phaaa qoaatitlaa will ba aaaaarad at aach itaapla polat. 
lha flrat la tba traaaaittar phaaa. Ihla laforaatloa will provlda a rafar- 
aaca phaaa corractloa to pazolt coablolng auccassiva retuma froa the target 
ragloa. Tha aacoad qaantity to ba aaaaarad will ba tha return froa tha baaa- 
foraiag la the direction of tha corner raflactor; and since the position of 
die helicopter has bean dalibarately chosen to place the comer reflector in 
the direction of the target region* a baaa can be fomed in tha direction of 
tha desired angle of view* The third sat of data to be recorded will ba ra- 
toms froa tha target region. The nuabar of pieces of inforoatlon to be re- 
corded will depend upon the desired niodiar of range bins. It has bean 
aasu aad as typical that the range gate duration will ba approxinataly 100 
nanoseconds corresponding to a two-way propagation distance of SO ft. Then 
a^iproxlaately 20 range bins will be required to cover tne target region depth 
of about 30C aetars. 

Nhan these three sets of infomation have been collected froa all of the saa- 
pla points* it will ba possible to beaafora and scan over the target region 
assfing only that the approxiaata locations of the saopling points are knowib 
The precision required on the dateminatlon of the position of the saapling 
points is low. Since the aaxlaua scan angle required of the array will be of 
the order of 5 allltradians* the uncertainty in the saiq>2e point positions 
can ba high; the 5 aiUlradian scan angle lilies that scanning can be accom- 
plished even with an uncertainty in eleaent position, on the order of 20 
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— (4]. A 20 WTslaagtli uac«rtaiaty at 1-baad corraspooia to about 
0*4 aatwra. fositloa AatwaAaatiea to diia accura^ can be obtained froo a 
aartotj of diataace or poaitlon detecalniag equlpt n ta. Ibe noat deairable 
uouU probably be an inertial navipatioa ayaten aince thia would peiait aelf-> 
Goutaiaod operation within the belioc^pter ayaten. It should be noted that 
tbt poaitioa detemi nation ia particularly nonreatrictive aince abaolute val> 
uaa are not required. Only the relative pMition of the helicopter at each 
of Che aanplins points will be stored along with the phase data. The anount 
of ■rooty required night be reduced if the sequential array ia constructed aa 
the data are collocted. That ia, there are only 2000 resolution cells in the 
target region (100 arinwtii cells x 20 range bins), if the processing can be 
perfOTMid in n pipeline fashion it would not be n e ce ssary to store note than 
one w or d per raaolntion cell. This type of iveration would involve the fol- 
lowing (Attentions at each sanple point. The first st^ would require sub- 
traction <»f the ^lase of die trananitted pulse fron the target returns 
followed by beanfoming as the data are collected by using the corrected cor- 
ner reflector phase. This phase could be subtracted fron the corresponding 
target values, i.e. , a new array of nunbers identified only by the elenent 
nunber and range gate position would be constructed. Open loop scanning 
would result in a final array of nunbers identified by aziauth and range. 

mR-nKtP OMUECTIMB 

Several additional considerations arise fron stu^ of the near-field nodel. 
These include the necessity for increasing the beawidth of the transaitter 
antenna and for refocusing the array. As shown in Figure 2 the target rc^on 
is aaauned to be about 300 neters on a side. The flight path required for 
the generation of the array is approxioately 600 neters. Consequently the 
center of a 5 nr transnit antenna bean fron the helicopter will sweep over a 
transverse distance of 600 neters at the naxinun target range, and the target 
region will not be unlfomly illuninated for all positions along the flight 
path. It will be necessary to increase the beanwidth by a factor on the or- 
der of 4 to 1; a beanwidth of 20 nllliradians would have cross-section at a 
d i sta n ce of 60 kn of 1200 neters. This beanwidth will be adequate to illumi- 
nate the target region continuously and unifomly as the helicopter moves. 

A focused array will be required. The far-field boundary as given by (7) is 
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( 7 ) 


located epprosiaetely 12,000 kiloaeters awev froa the array [5]. 

Far Field Bouadary ' « 12 x 10 a 

L ~ array exteat * 600a, 1 * 3 ca for X-band 

Consequently the target region will he in the extreae near field. Also, the 
d^th of field will not be great enough to achieve siaultaneous focus on the 
target region and the comer reflector. The depth of field as given by (8) 
is approxiaaiely 525 ae’ rs at a distance of 30 ka froa the 600 aeter array 
operating at a 3 centlaeter wavelength [6]. 

Depth of field - 71 • 525a (8) 

la 

* 30 ksg helicopter to beacon 
L » 600 k» array extent 
A * 3 ca wavelength 

It will be necessary to refocus the array after beaaforming by adding phase 
corrections to the data received at the sequential saapling points* 

HELICOPTER MOTION 

The next topic to be considered in this description of the high re«>olution 
iaaging radar systea is the effect of helicopter motion* Fortunatelyg the 
comer reflector provides a means of compensating for the , ise change aris- 
ing froa radial motion of the helicopter » that is if the transmitted phase is 
compared with the phase return from the corner reflector, an indication of 
the pathlength between the helicopter and the corner reflector is obtained* 
Comparing this length on a pulse- to-pulse basis will permit generating a his- 
tory of the motion of the helicopter in the radial direction with respect to 
the corner reflector* This measurement of pathlength change can be used to 
correct the measured phase of the returns from the target region* The phase 
shifts due to the helicopter's radial motion can be predicted if the rate of 
movement is not so large that the helicopter can move an ambiguous number of 
wavelengths during an interpulse period. If we assume a pulse rate of 1 KHz, 
then the motion of the helicopter must be such that it moves less than 1/2 of 
the assumed wavelength of 3 centimeters in the interpulse period of 1 milli- 
second* This corresponds to a maximum radial velocity on the order of 15 me- 
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cers p«r second. 

CX)MCLtSI<HI 

An adaptive SAR systea has been described which any be used with a helicopter 
radar to provide high resolution i— gtng over a liaited target region (e.g. » 
appr ciaately 300a on a side at 60 ka). Array organisation will be accoa- 
pliUrhed by adaptive beaaforaing on a comer reflector in the direction of the 
tai'.et region. Since the comer reflector is nearby relative to the target, 
refocusing after beaaforaing will be required. The array will be foraed se- 
q.^tially by aoving the helicopter and saapling at randoa Intervals. Randoa 
sanpling is used to perait data reduction through array thinning while pre- 

3 

veat ng grating sidelobes. Approxiaately 10 saaple points will be recorded 
aloe. : a 600 aeter flight patn. These data will be used to construct an iaage 
by a>)aptive beaaforaing and then open loop scanning. Since the aaxiaun scan 
angl-j will be about 5 ar. the eleaent position uncertainty can be high. e.g.. 
20A. This thin, randoa adaptive array offers several advantages over a con- 
ventional SAR approach. First, the aaount of storage required for realistic 
processing rate:, is auch lower, (at least 10:1) and the processing rates are 
w '.tliin the capability of modern saall computer technology. Secondly, the op- 
eration of a conventional SAR is auch aore sensitive to aotlon uncertainties 
o\ the platfom. i.e. . 100:1. These advantages arise because the ASAR array 
is highly thinned relative to a filled array (A0:1). and the use of adaptive 
beaaforaing on a .orner reflector permits greatly increased uncertainty in 
sampling point positions. 
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